In this paper, we will report our recent development of a new type of OptoFluidic Microscope (OFM) that is capable of delivering resolution beyond the diffraction limit of light. Accurate control of the sample translation is accomplished by adopting an optical tweezer scanner into the system. During the image acquisition, a two-dimensional nanoaperture array defined on a thin aluminum film acts as an array of ultra-fine illumination sources. The imaging system is tested and demonstrated by using polystyrene beads and green algae (Chlamydomonas). Properties of the system are reported and discussed.
Introduction
Recently, there is a growing interest in investigating subwavelength apertures as they possess intriguing optical transmission and diffraction properties [1] [2] [3] [4] . Subwavelength apertures are routinely used as imaging probes in commercial near field optical microscopes (NSOM), as these nanoaperture probes can deliver ultrahigh resolution beyond the diffraction limit. The resolution of such microscopes is in principle only limited by the size of the aperture. This idea of super resolution microscopy was first proposed by Synge, S. H. in 1928 [5] , and it is only in the recent past that NSOM systems have started to be extensively used in research laboratories. NSOM has proven capable of imaging extremely fine structures of chemical, biological or environmental samples with resolution beyond the scope of conventional optical microscopes [6, 7] .
However, NSOM is not a simple and cheap tool to operate. A commercial NSOM system usually requires a sophisticated feedback control system and an ultra stable two-dimension raster scanning stage during image acquisition. This requirement makes the whole NSOM unit slow and difficult to operate. Secondly, NSOM users have to spend a long time on prealigning the system and locating the objects of interest before really taking a high-resolution image of the samples. Therefore improvement of NSOM system for the ease of use is desirable Along the line of creating cheap and compact high-resolution systems, our group lately reported a new type of imaging device, termed optofluidic microscope (OFM) [8] . The first OFM prototype used a one-dimension subwavelength aperture array to collect the light scattering from the biological samples. Time-of-flight signals recorded by each aperture were subsequently used to construct a picture of the sample. In order to eliminate under-sampling, the OFM employs a slanted nanoaperture array configuration. In addition, microfluidic control with pressure driven flow was employed to stably move the samples across the nanoaperture array. High throughput (40 samples/minute) and high resolution (500 nm) imaging of wild type C. elegans was successfully demonstrated.
In this paper, we present our recent development on a new type of OFM, where nanoapertures are used as illumination sources rather than collection units as in the first OFM prototype [8] . Furthermore, a 2D nanoaperture array replaced the 1D aperture array that was in the first OFM prototype, so that the length of the whole imaging region can be reduced by 5 to 10 folds depending on the size of the samples. In addition, a robust optical tweezer scanner is built and then utilized to stably translate the sample across the 2D nanoaperture region. It will be demonstrated that high resolution imaging (~100 nm) is made possible by fusing OFM with optical tweezers.
Experiment Methods
Setup of the entire imaging system is presented in Figure 1(a) . Ti-Sapphire laser (Spectral Physics Tsunami) operating at 800 nm in cw mode is the laser for the optical tweezer. The laser is coupled into a single-mode fiber, collimated and then steered by a computercontrolled PZT mirror (from Physik Instrumente). A 4-f lens relay is added into the scanning system, so that when the laser beam is steered by the PZT mirror, the center of the laser beam always hits the center of the back aperture of the high numerical aperture (NA) objective (Olympus, 40X (NA=0.8, water, IR). Note that this 4f relay technique has been routinely used in commercial laser scanning confocal microscopes. When the power of the trapping laser is sufficiently high, the sample will be held firmly within the tight focus of the objective lens. The power of the trapping laser is estimated to be 30 mW, which proves to be safe enough for the biological samples used in this experiment. The light components of the trapping beam back-scattered from the nanoaperture plate are strong and can easily saturate the recording camera's CCD pixels. In order to avoid this saturation problem, a cold mirror and an IR filter pair are mounted in the system. From below, a He-Ne laser (633 nm, 20 mW) provides illumination. The light transmitted through the nanoaperture array form a two-dimensional illumination grid. This illumination grid is nicely mapped onto the recording CCD camera (see Fig. 2(a) ) through the use of the same objective lens and an achromatic camera lens (f= 20.0 cm). When a sample is passing by the nanoaperture region, it will scatter or absorb the illumination light, resulting in changes in brightness of the nanoapertures that are mapped onto the screen of the CCD camera. These time-of-light signal changes are later used to construct a sample image. Fig. 1(b) is a zoom-in of the optical setup, showing the 2D nanoaperture array and how it is arranged with the objective lens, i.e. the optical tweezer.
The operating principle of the imaging system can be explained with Fig. 2(b) . L x (L y ) represents the hole spacing in x (y) direction. The sample tightly held by the optical trap is scanned across the nanoapertures at a tilt angle (θ) with respect to x axis. During the image formation, the pixel size in y direction (δy) and that in x direction (δx) are expressed as following: (1) where V is the velocity of the sample and δt is the camera speed. All the parameters mentioned above can be accurately defined by fabrication, optical alignment and the computer-controlled PZT-scanner. Note that the sample passes over each of the apertures at different time. For example, hole α and hole β in Fig. 2(b) , although scan adjacent parts of the sample, will 'see' this object with a time delay between them. Therefore, a distorted image will be formed if we directly use the time traces of the nanoapertures. However, as the moving speed of the sample and the camera speed are constant, the time-delay factors between different holes have a simple linear relationship.
By knowing all the parameters mentioned in Eq. (1), the linear time-delay factors can be calculated and then used to remove this type of geometric distortion. sample is moving toward +x direction (Fig. 2(b) , the time delay (∆t) between the [m, n] aperture and the [1, 1] aperture will be:
where m (or n) is the row (or column) index of the aperture. Similar expression can readily be drawn for the situation where the sample moves along -x direction.
During the fabrication of the nanoaperture array, a clean quartz wafer was coated with a 90 nm layer of aluminum by using an e-beam evaporator (CHA Mark 40). Then a thin layer of PMMA 950 was spun onto the aluminum plate; the 2D aperture array was patterned on PMMA by an e beam writer (Leica EBPG 5000) and then transferred onto aluminum by using a chlorine-based reactive ion etcher. The PMMA residue was then removed by acetone. In this experiment, the aperture size is 90 nm and the spacing between adjacent aperture is 2.5 µm in both directions, i.e. L x = L y = 2.5 µm (see Fig. 2(c) ).
In the optical tweezer part, the speed of the trapped sample was controlled at V= 0.4 µm/sec, and the camera's frame rate was δt = 0.125 second/ frame. The skewing angle (θ) was fine adjusted to be 0.0154 in rad. Under this condition, the pixel size δx was ~50 nm and δy was ~40 nm which gave a theoretical resolution of 100 nm in x direction and 80 nm in y direction. Note that smaller pixel size can be accomplished by, for example, using a faster camera and smaller aperture spacing.
Besides pixel size, special attention has to be paid to the distance between the sample and the nanoaperture plane. It is well known that in order to accomplish super high resolution when using nanoapertures as imaging probes, the distance between the sample and the nanoaperture has to be much smaller than the illumination wavelength, i.e. 633 nm in this experiment. A rough estimate in our recent paper [9] shows that this distance (or more accurately, the depth of field) should be no more than the diameter of the nanoaperture. Therefore, we have to make sure that the optical tweezer, when moving the sample in the transverse plane, is not lifting the sample above the nanoaperture plane. Although optical tweezer as a powerful tool to manipulate microscopic objects has shown to be able to move the sample in vertical direction (z direction) [10, 11] , it is not capable of doing so in our setup.
We adopt the ray-optics method developed by Ashkin [12] to calculate the trapping force with 10µm polystyrene beads as an example. In our experiment, we used a 40X water immersion lens with a NA= 0.80. A polystyrene bead has a mass density (ρ) about 1.05, and refractive index at 1.57 at 633 nm. The total power of the laser was 30 mW and the intensity distribution is assumed to be Gaussian. Since the polystyrene beads and the green algae we used were much larger than the wavelength of the trapping laser (800 nm), ray optics approximation is valid. The forces that tend to kick the microscopic object out of the laser trap include the balanced gravitation (F grav ) of the object and the scattering force (F S ) of the optical trap [12] . Both forces point to -z direction with the positive z direction defined according to the coordinate system shown in Fig. 2(b) . F grav is 2.05 pN and F S is calculated to be more than 8.2 pN. Thus, the summation of F grav and F S is more than 10.2 pN. On the other hand, the only force holding the sample within the optical trap is gradient force (F G ) [12] . This force points to +z direction. In our setup, F G was no larger than 8.0 pN. Note that both F G and F S depend on the location of focal point inside the sample body, while F grav is independent of it. It is then clear that the polystyrene bead, although able to be translated in the transverse plane in our experiment, will not be lifted by the optical tweezer. This conclusion also holds for microspheres of other sizes. Note that biological samples will be even more difficult to lift because of their much lower refractive index contrast with respect to the surrounding water medium. However, the transverse scanning of green algae proves to be effective.
Results and discussion
This novel OFM system was demonstrated by imaging polystyrene beads and green algae (Chlamydomonas) with the experimental conditions that were explained in Section 2. Both samples are mixed into a 0.2% bovine serum albumin (BSA) solution in order to reduce nonspecific bonding between the sample and the aluminum plate. Fig. 3 (b, c) show two isolated polystyrene beads with a diameter of 10 µm and 16 µm. Fig.  3 (b) shows fine structures inherent in the 10 µm micro bead. It possibly stems from small surface roughness generated during fabrication. The near field scattering components from this roughness was propagated to far field and then captured by the CCD camera. Besides that, it is shown that there is a blurred profile surrounding the micro bead. This is probably due to the fact that although the center of the bead was close to the nanoaperture plane, the edge of it was about 5 µm away from the nanoaperture plane, which means that the edge of the bead is far out of the depth of field of the nanoaperture array based imaging system. Same as conventional microscopy, falling out of depth of field would cause loss of resolution and blurring on the edge.
As can be seen in Fig. 3(c) , there are discernable streaks running across the image in x direction. These streaks came from the power instability of the illumination He-Ne laser, as well as the diffraction patterns overshadowing the nanoaperture array. The diffraction pattern was probably caused by other samples floating in the water medium or imperfect alignment of some optical elements. The fluctuation of different apertures has low correlation and thus is extremely difficult to remove during data processing. Since Eq. (2) must be used to compensate for the time delay between adjacent apertures, the irreducible power fluctuation was elongated mostly in x direction and shows up in the figure. For the same reason, the Chlamydomonas image in Fig. 3(d) is also buried in the instability of the signals during the data acquisition. In this figure, the only discernible portion of the sample is probably its nucleus, which seems to have the best contrast under a transmission microscope. The edge of the sample is not easily recognizable and thus highlighted by a white dotted circle.
Nevertheless, the power instability issue could likely be solved by using high-intensity incoherent illumination source, such as LED array. DC-driven LED proves to be extremely stable. Our preliminary results have shown that nanoaperture array under the illumination of a LED array can be imaged onto the recording camera with a decent contrast.
Conclusions
In conclusion, we have demonstrated that optical tweezers can be combined with OFM for high resolution, high throughput imaging. In this study, nanoaperture array was used as fine illumination sources and we have rigorously justified that the conditions for ultra high resolution imaging were all satisfied during our experiment. Further verification of the imaging resolution is under way. Optical tweezers can readily be made into a tweezer array, which will dramatically improve the imaging efficiency. Additional imaging capability, e.g. fluorescence can also be added into the system.
